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The appropriate activation of B cells is critical for the development and operation of immune responses and is
dependent on the extensive coordination of intra- and intercellular communications in response to antigen
stimulation. An accurate description of the B cell-activation process requires investigation of these interac-
tions within their correct cellular context both at high resolution and in real time. Here, we discuss a number of
recent studies that have offered insight into the early molecular events of B cell activation. We suggest that
segregation within the B cell membrane triggers localized cytoskeleton reorganisation and signaling, allow-
ing the formation of B cell receptor (BCR) microclusters. These BCR microclusters are the sites for the coor-
dinated recruitment of the signalosome and are propagated during B cell spreading. We discuss the recent
identification of a critical role for CD19 in the B cell response to membrane-bound antigen and suggest
a mechanism involving BCR microclusters by which it mediates its stimulatory function. Finally, we consider
research that has taken advantage of recent technological advances in multiphoton microscopy that have
allowed its application to the investigation of the dynamics of membrane-bound antigen presentation and
subsequent B cell activation in lymph nodes in vivo.Introduction
The protection from a vast array of potential pathogens encoun-
tered during the lifetime of an individual is achieved through the
highly coordinated action of the innate and adaptive arms of the
immune system. The innate branch of the immune system pro-
vides a rapid, and relatively nonspecific, initial response to path-
ogens. In contrast, the adaptive branch is required for presenta-
tion of the four classic features of an immune response, namely
specificity, memory, diversity, and self-nonself discrimination.
The development of the adaptive arm of the immune system is
dependent on the tightly regulated activation of B and T lympho-
cytes in response to antigenic stimulation. B cell activation re-
sults in the commencement of affinity maturation in germinal
centers (GCs), leading to the production of both plasma B cells
capable of producing high-affinity antibodies and long-lived
memory B cells (MacLennan, 1994; Rajewsky, 1996). Thus, the
outcome of the adaptive immune response for the individual
is the neutralization and elimination of antigen, accompanied
by the acquisition of long-lasting protection from secondary
challenge with the same pathogen.
B cell activation is initiated in response to specific antigen
binding to the B cell receptor (BCR). The BCR is a complex com-
prised of membrane immunoglobin (Ig) heavy and light chains, in
association with the Igab heterodimer (Reth, 1989). Engagement
of BCR by antigen allows tyrosine phosphorylation of the intra-
cellular Igab immunoreceptor tyrosine activation motifs (ITAMs)
by Src-family kinases, such as Lyn, leading in turn to the activa-
tion of Syk (Dal Porto et al., 2004; DeFranco, 1997; Kurosaki and
Kurosaki, 1997; Reth and Wienands, 1997). This activation initi-
ates the coordinated assembly of the signalosome, composed
of a variety of intracellular signaling molecules, such as Vav, Bru-
ton’s tyrosine kinase (Btk), phosphoinositide 3-kinase (PI3K),and phospholipase C-g2 (PLCg2) (Dal Porto et al., 2004; Kuro-
saki, 1999; Scharenberg et al., 2007), as well as adaptor pro-
teins, such as B cell linker (Blnk) (Fu et al., 1998; Goitsuka
et al., 1998; Wienands et al., 1998). The collective accumulation
and activity of signaling molecules within the signalosome trig-
gers a variety of cellular processes, including regulation of
gene expression, reorganization of the cytoskeleton, and BCR-
mediated internalization of antigen complexes. Antigen internal-
ized through the BCR is subsequently processed within specific
endosomal compartments and presented in complex with major
histocompatibility complex II (MHC II) to recruit specific T cell
help (Lanzavecchia, 1985; Rock et al., 1984). Thus, B cell activa-
tion is dependent on the intricate organization of a considerable
range of molecules, requiring the coordination of both intracellu-
lar signaling pathways and intercellular communication.
Classic biochemical techniques have been used to gain valu-
able insight into the interactions of individual macromolecules, in
response to B cell stimulation with model ligands, such as high-
affinity antibodies or soluble antigens. However, although these
studies can provide a useful foundation for investigation of the
mechanisms of B cell activation, a molecular dissection necessi-
tates the characterization of pathways and interactions within
their correct cellular context (Krummel, 2007; Treanor and Ba-
tista, 2007). Such dissections have been made feasible through
recent advances that allow for the spatiotemporal dynamics of
particular molecules to be monitored within cells in real time.
These advances include the development of high-resolution
imaging methods, such as total internal reflection microscopy
(TIRFM) (Schneckenburger, 2005), in combination with the
more widespread biological use of fluorescence probes (Licht-
man and Conchello, 2005). In addition, intravital multiphoton im-
aging techniques have been applied recently to the visualizationImmunity 28, May 2008 ª2008 Elsevier Inc. 609
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time an insight into the dynamics of cellular interactions that
occur during the development of the immune response (Cahalan
and Parker, 2008; Germain et al., 2006). These technological
advances when combined with expertise from diverse scientific
disciplines such as mathematical modeling can prove extremely
powerful in the detailed and quantitative description of cellular
events (Chakraborty et al., 2003).
One excellent paradigm of how such technologies can be
used to gain understanding into the coordination of cellular pro-
cesses during lymphocyte activation is the identification of the
immunological synapse (IS). The IS, originally reported in CD4
T cells (Grakoui et al., 1999; Krummel et al., 2000; Monks
et al., 1998), is now established as a common feature of antigen
recognition by specific immunoreceptors (Batista et al., 2001;
Davis et al., 1999; Potter et al., 2001; Stinchcombe et al.,
2001). The IS forms as a result of a dramatic and coordinated
reorganization of molecules within the membrane and cyto-
skeleton. The mature IS is characterized by an accumulation of
immunoreceptor-antigen complexes in a central supramolecular
activation cluster (cSMAC), encircled by a ring of integrins form-
ing the peripheral supramolecular activation cluster (pSMAC)
(Monks et al., 1998). Because the mature IS is formed some con-
siderable time after the initiation of lymphocyte signaling, it has
been suggested that it may function as a platform for internaliza-
tion of immunoreceptor complexes from the cSMAC (Lee et al.,
2002). Indeed, it has been shown that such internalization repre-
sents a critical and efficient means of antigen accumulation dur-
ing the activation of B cells by membrane-bound antigen (Batista
et al., 2001). The amount of antigen accumulated, and the corre-
sponding degree of B cell activation, was found to be dependent
on the overall avidity of antigen within the presenting membrane
(Fleire et al., 2006). Evidently, the IS plays an essential role in B
cell activation. However, because it has been observed that
BCR-mediated calcium signaling occurs much more rapidly
than formation of the mature IS (Depoil et al., 2008; Fleire
et al., 2006), the IS does not appear crucial for the initiation of
BCR-mediated signaling. Therefore, in order to fully elucidate
the molecular mechanisms of B cell activation, it will be neces-
sary to examine and understand the events prior to IS formation,
after antigen engagement by the BCR.
This review summarizes recent findings concerned with the
molecular mechanisms underlying the early events of B cell
activation after recognition of membrane-bound antigen. We
postulate a mechanism to describe the initiation of BCR trigger-
ing through their restricted localization within phosphatase-defi-
cient zones in the B cell membrane. We identify BCR microclus-
ters as the sites of signalosome assembly, implicating them as
important in B cell signaling. BCR signaling and cytoskeleton re-
organization mediate B cell spreading, stimulating the formation
of greater numbers of BCR microclusters and thereby facilitating
B cell activation. We also discuss the essential role of the core-
ceptor CD19 in B cell activation by membrane-bound antigen
and suggest a mechanism involving BCR microclusters through
which it functions to enhance B cell activation. Finally, we outline
progress made into the dynamic description of the B cell-activa-
tion process in vivo, revealing a predominant role for antigen
presentation on the surface of cells in the initiation of B cell
responses.610 Immunity 28, May 2008 ª2008 Elsevier Inc.Triggering BCR-Mediated Signaling by Membrane-
Bound Antigen
Specific antigen recognition by the BCR is the first step in the ini-
tiation of B cell signaling and activation. Historically, the trigger-
ing of BCR signaling in response to antigen has been assumed
to result from dimerization of monomeric BCR complexes. The
basis for this view was the observation that multivalent, but not
monovalent, antigen had the capacity to trigger B cell activation
(S. Minguet, M. Reth, and W. Schamel, personal communica-
tion). However, such a simplistic mechanism appears insufficient
to account for the complexity of BCR-mediated signaling in
response to a huge diversity of potential antigens. As a result,
a number of alternative models have been proposed to more ac-
curately depict the initial processes involved in antigen-induced
B cell activation. One such model identifies the interactions of
distinct domains of differential lipid composition within the mem-
brane as critical in the initiation of BCR signaling (Gupta and
DeFranco, 2007; Pierce, 2002; Sohn et al., 2006). An alternative
mechanism has been proposed on the basis of biochemical
characterizations, suggesting that the BCR may exist as higher
order oligomers in the resting B cell membrane (Schamel and
Reth, 2000). In this model, association of pre-existing BCR olig-
omers with antigen induces conformational changes in the BCR
leading to the activation of signaling, the outcome of which is
dependent on the differentiation state of the B cell (Reth, 2001;
Reth et al., 2000). Though these models have proved useful in
the description of BCR triggering in response to soluble antigen,
they do not fully consider the three-dimensional restrictions im-
posed on the initiation of B cell activation in response to antigen
presented on the surface of a membrane.
These spatial constraints have however been taken into con-
sideration in a mechanism known as ‘‘kinetic segregation,’’ orig-
inally proposed to describe T cell triggering through stimulation
of the T cell receptor (TCR) (Choudhuri et al., 2005; Davis and
van der Merwe, 1996; Davis and van der Merwe, 2006). The
event of TCR triggering precedes and occurs independently of
IS formation. In this mechanism, TCR phosphorylation reactions
occur in the resting cell membrane, leading to a continuous
activation of TCR by Src-family kinases such as Lck and deacti-
vation by receptor tyrosine phosphatases. However, upon inter-
action with antigen-presenting cells, T cells form close contact
zones, mediated by small molecules such as CD2. These
close-contact zones initiate size-dependent exclusion of larger
membrane proteins while allowing for the free diffusion of smaller
membrane proteins such as TCR and Lck. The bulky protein
CD45 accounts for 90% of membrane tyrosine phosphatase
activity in T cells (Mustelin et al., 1989); therefore, its exclusion
from close contact zones disrupts the balance of phosphoryla-
tion in this region. Indeed, it has been demonstrated that the
bulky nature of the CD45 ectodomain is critical for mediating
its function in regulating TCR triggering (Irles et al., 2003).
Thus, TCR residing within or diffusing into close contact zones
is more likely to be found in its phosphorylated, activated state.
Engagement with specific antigen restricts the diffusion of TCR
from the contact zone and thereby improves the half-life of the
phosphorylated receptor, leading to TCR triggering. Experimen-
tal support for this mechanism has been provided by observation
that TCR triggering is dependent on the dimensions of the TCR-
pMHC complex (Choudhuri et al., 2005).
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gering B cell activation (Rolli et al., 2002). Although in principle
the kinetic-segregation model could be applied to the initiation
of B cell triggering on stimulation with membrane-bound anti-
gen, a number of important differences between the two lym-
phocytes must be carefully considered. These include the rela-
tive sizes and valencies of the two immunoreceptors; the BCR is
divalent and known to be considerably larger than the monova-
lent TCR. In addition, it is well established that BCRs bind spe-
cific antigen with a much higher affinity than that measured for
TCRs. Furthermore, naive B cells express substantial amounts
of receptor tyrosine phosphatases other than CD45. In line
with this, it has been demonstrated that B cell development in
CD45-deficient mice is not severely impaired (Byth et al.,
1996; Kishihara et al., 1993), and B cells from these mice do
not exhibit a defect in activation in response to membrane-
bound antigen (Depoil et al., 2008). Interestingly, an additional
tyrosine phosphatase, CD148, has been identified recently to
perform a similar function to that of CD45 in B cells (Zhu et al.,
2008). Indeed, the relative size of the extracellular domain of
CD148 has also been shown to be important in mediating its
role in regulation of immunoreceptor signaling (Lin and Weiss,
2003). In contrast to mice with single CD45 or CD148 defi-
ciencies, the doubly deficient mice exhibit severe defects in
B cell development, suggested to result from the observed hy-
perphosphorylation of the regulatory tyrosine of Lyn in these
cells. In the light of this, it would be useful both to address the
spatiotemporal localization of CD148 during the initiation of
B cell signaling and redress previous investigations of CD45-
deficient B cells in a CD148-deficient background. However,
with these differences in mind, it seems likely that BCR trigger-
ing in response to membrane-bound antigen may indeed be
initiated within localized regions of depleted phosphatase activ-
ity (Figure 1). Thus, though the precise mechanism employed by
B cells to initiate the triggering of BCR signaling remains unclear
at this stage, it may occur in a manner similar to that proposed
in the kinetic-segregation model for the recognition of antigen by
T cells.
B Cell Activation Involves the Early Formation
of Signaling-Competent BCR Microclusters
B cells have the capacity to initiate B cell signaling and become
activated in response to an exceptionally wide range of antigen
affinities (Batista and Neuberger, 1998; Carrasco et al., 2004;
Guermonprez et al., 1998; Kouskoff et al., 1998; Shih et al.,
2002a; Shih et al., 2002b). Detailed investigation of B cell
responses to stimulation with antigens of various affinities has
provided evidence for the existence of a threshold for triggering
B cell activation (Batista et al., 2001; Batista and Neuberger,
1998; Batista and Neuberger, 2000). In the case of membrane-
bound antigen, in the absence of costimulation, the threshold
of B cell activation has a KA of around 1 3 10
6 M1 (Fleire
et al., 2006). However, it is evident that the overall avidity of
membrane-bound antigens, a function of antigen affinity and
density, is important in determining the outcome of B cell activa-
tion. The observed threshold required for triggering B cell activa-
tion appears higher than that identified previously for initiating
T cell responses (Irvine et al., 2002; Purbhoo et al., 2004). This
may be of physiological relevance during the process of affinitymaturation in the selection of the highest affinity B cell clones
and as a means of avoiding nonspecific activation.
One feature observed on successful B cell stimulation with
membrane-bound antigen above the avidity threshold is the
early formation BCR microclusters within the contact interface.
Figure 1. A Proposed Mechanism for the Initiation of B Cell
Activation
(A) In the resting B cell membrane, BCRs (dark blue) are free to diffuse along
with Lyn (light blue) and large receptor tyrosine phosphatases such as CD45
and CD148 (purple).
(B) After contact with antigen- (green) containing membrane, kinetic segrega-
tion excludes bulky phosphatases from close contact zones. These close con-
tact zones allow the accumulation of activated phosphorylated BCR through
localized cytoskeleton reorganisation.
(C) These close contact zones potentially form the site of BCR microcluster
generation and signaling.Immunity 28, May 2008 ª2008 Elsevier Inc. 611
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On contact with the antigen-containing membrane, the B cell forms BCR microclusters in the contact region. After recognition of membrane-bound antigen, the
BCR signalosome is assembled by the highly coordinated and sequential recruitment of initiating kinases, such as Lyn and Syk; intracellular signaling molecules,
such as Vav, PI3K, PLCg2 and Btk; and adaptors, such as Blnk and CD19. The composition of newly formed BCR microclusters (pink) at the periphery of the B cell
contact is shown (left). At later stages, these microclusters (red) act as the sites for the recruitment and assembly of the components of the signalosome (right) and
move toward the cSMAC of the IS. During B cell spreading, the contact area increases, allowing for the amplification of the generation of signaling BCR micro-
clusters and thereby enhancing B cell activation. After spreading, a slower contraction occurs, allowing for the amplification in the generation of signaling BCR
microclusters within the cSMAC, where antigen can be internalized into endosomes for later presentation to helper T cells.These BCR microclusters, comprising around 10–100 BCR
molecules, have been visualized by high-resolution TIRFM and
contain both IgM and IgD (Depoil et al., 2008). Interestingly, BCR-
antigen microclusters were observed even in the absence of
BCR-mediated signaling, indicating that their formation pre-
cedes signal transduction through the BCR (Depoil et al.,
2008). However, the mechanism(s) that regulate the formation
of BCR-antigen microclusters currently remains unidentified. It
is conceivable that segregation within the B cell membrane on
encounter with antigen-containing membrane allows the gener-
ation of localized regions of Src-family kinase activation. Such
regions, after the exclusion of inhibitory phosphatases, could al-
low for the formation of an environment favorable for generating
BCR microclusters by diffusion trapping. In support of this, it has
been demonstrated that microcluster formation in T cells is de-
pendent on the actin cytoskeleton (Campi et al., 2005), indicating
the spatiotemporal organization of components within the cell
membrane must play a critical role in this process. In addition,
we have observed the dynamic exclusion of CD45 from BCR mi-
croclusters (Depoil et al., 2008), similar to that observed in T cells
(Varma et al., 2006). Undoubtedly, the kinetic-segregation model
can be extended to incorporate and describe the distribution of
proteins within the B cell membrane, other than the bulky tyro-
sine phosphatases CD45 and CD148. Accordingly, other inhibi-
tory B cell proteins may assume a differential distribution on an-
tigenic stimulation according to their size and thereby play a role
in the regulation of BCR-microcluster formation. CD22, a trans-612 Immunity 28, May 2008 ª2008 Elsevier Inc.membrane lectin, becomes phosphorylated at one or more tyro-
sines on immunoreceptor tyrosine inhibition motifs (ITIMs) within
its cytoplasmic domain (Schulte et al., 1992), generating binding
sites for the SH2-domain-containing phosphatase-1 (SHIP-1)
(Doody et al., 1995; Otipoby et al., 1996). Interestingly, CD22
was found to be excluded from the IS formed by B cells in
response to membrane-bound antigens (Batista et al., 2001).
The function and distribution of FcgRIIB, an alternative inhibitory
receptor, in the initiation of B cell signaling has also been inves-
tigated (Sohn et al., 2008). On the basis of their results, the au-
thors suggest that FcgRIIB may also play a role in the early
events regulating B cell signaling.
Recently, high-resolution imaging has been used to examine
the spatiotemporal dynamics of the B cell signalosome, offering
insight into the function of the observed BCR-antigen microclus-
ters (Depoil et al., 2008; Weber et al., 2008). These studies dem-
onstrated the highly organized and sequential recruitment of
intracellular signaling molecules such as Syk, PLCg2, and Vav
to BCR microclusters (Figure 2). Thus, these BCR-antigen micro-
clusters act as sites of assembly of numerous ‘‘microsignalo-
somes’’ and may therefore be responsible for the initiation of
signaling. Importantly, the assembly of these microsignalo-
somes occurs on a timescale consistent with that observed for
the initiation of calcium signaling. Hence, it appears that active
B cell signaling occurs within BCR microclusters (Depoil et al.,
2008). Signaling immunoreceptor microclusters have also been
observed in T cells, and their continuous generation in the
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TCR signaling (Bunnell et al., 2002; Campi et al., 2005; Yokosuka
et al., 2005). An investigation into the initiation of B cell activation
in response to constrained multivalent antigen gave rise to the
suggestion that the basic unit required for efficient B cell trigger-
ing was a spatially continuous cluster of a critical size containing
cell surface receptors (Dintzis et al., 1976). These structures, de-
fined as ‘‘immunons,’’ can exhibit substantial motility within the
membrane as a result of their small size and therefore can allow
the dynamic recruitment of positive and negative regulators to
influence BCR signaling. The observation of BCR microclusters
as sites of signalosome assembly identifies them as functioning
potentially in a manner similar to that proposed for immunons.
Given the prevalence of immunoreceptor microclusters, we
suggest that these microclusters function as common signaling
units in lymphocytes.
Signaling through BCR Microclusters Is Propagated
by B Cell Spreading
Recently, it has been shown that B cells undergo a two-phase
spreading and contraction response after stimulation with mem-
brane-bound antigen (Fleire et al., 2006; Weber et al., 2008). The
rapid spreading response, mediated by extension of lamellipo-
dial protrusions, allows B cells to engage more antigen as they
progress over the antigen-containing surface and thereby prop-
agates signaling through the BCR (Figure 2). The extent of the
spreading and contraction response is dependent on the nature
of the stimulating antigen, such that higher antigen avidity stim-
ulates spreading and B cell activation accordingly (Fleire et al.,
2006). The ensuing, more prolonged, contraction phase then
allows for the collection of greater amounts of antigen into the
central aggregate, which is subsequently extracted and pre-
sented to T cells, facilitating B cell activation (Lanzavecchia,
1985; Rock et al., 1984). This cellular response has been invoked
to explain the underlying potency of membrane-bound com-
pared with soluble antigen (Depoil et al., 2008).
The importance of BCR-mediated signaling after the recogni-
tion of membrane-bound antigen is clearly demonstrated by the
abrogation of spreading in B cells expressing signaling-deficient
BCR or treated with Src-family kinase inhibitors (Fleire et al.,
2006). A number of intracellular signaling molecules involved in
effecting the spreading response have been identified (Weber
et al., 2008). The absolute dependence of spreading on Src-
family kinases was seen by the abrogation of spreading in Lyn-
deficient B cells. After the sequential recruitment and activation
of Src and Syk kinases to BCR microclusters, the cooperative
action of PLCg2 and Vav within these microsignalosomes was
also found to be critical for effective propagation of signaling to
enable B cell spreading. A similar stabilization of signaling micro-
clusters through cooperation of their component parts had been
noted previously in T cells (Bunnell et al., 2006) and may allow for
greater sensitivity to antigen and self-nonself discrimination. It
was also found that spreading was unaffected by a triple defi-
ciency in inositol 1,4,5-triphosphate (IP3) receptors, indicating
that intracellular calcium release was not absolutely required
for this process in B cells (Weber et al., 2008). This was a surpris-
ing observation, given the dependence of T cell spreading on in-
creases in the concentration of cytoplasmic calcium (Bunnell
et al., 2001). Interestingly, the correct spatiotemporal localizationof these molecules through the activity of adaptor proteins such
as Blnk is necessary for the proper functioning of PLCg2 and Vav
in mediating B cell spreading (Weber et al., 2008). However,
though the assembled microsignalosome has been character-
ized, the precise cellular effects that it mediates remain elusive
at this stage.
It is evident that in order for B cells to undergo spreading and
contraction, considerable changes in B cell morphology must
take place. Because spreading is abrogated in the presence of
actin-polymerization inhibitors latrunculin A and cytochalasin D
(Fleire et al., 2006), modification of the underlying actin cyto-
skeleton must play an important role in this cellular response to
membrane-bound antigen. The identification of a key role for
Vav in the propagation of the spreading response offers some in-
sight into mechanisms underlying the regulation of cytoskeleton
reorganisations. As such, Vav has been demonstrated to be in-
volved in the deactivation of the ezrin-radixin-moesin (ERM) pro-
tein ezrin (Faure et al., 2004), and in addition, Vav can function as
a guanine nucleotide exchange factor (GEF) for the cytoskele-
ton-modifying RhoGTPases (Jaffe and Hall, 2005). In line with
this, it has been demonstrated that the Vav-dependent activation
of Rac1 is required for BCR-mediated spreading in mature B
cells (Brezski and Monroe, 2007). The activity of the small
GTPase Rap, regulated by Vav, has been shown recently to per-
form a critical role in the activation of B cells through the regula-
tion of spreading and IS formation (Arana et al., 2008; Lin et al.,
2008). In spite of these findings, the molecular mechanism(s)
by which the assembled signalosome mediates cytoskeleton re-
arrangements in response to membrane-bound antigen remains
to be elucidated. However, a number of potential mechanisms
have been identified for BCR-mediated regulation of cytoskele-
ton reorganization after stimulation with soluble antigen. It has
been noted that rapid global actin depolymerization, followed
by polarized actin polymerization (Hao and August, 2005), oc-
curs upon BCR stimulation with soluble antigen. Also, BCR-me-
diated phosphorylation regulates the activity of ERM proteins,
resulting in the modulation of their F-actin binding capacity,
thus implicating them in the antigen-induced molecular reorgani-
zation of the B cell membrane (Gupta et al., 2006). In addition, the
B lymphocyte adaptor molecule of 32 kDa (Bam32) has been
identified as playing a critical role in the integration of BCR-me-
diated signaling (Fournier et al., 2003; Han et al., 2003; Marshall
et al., 2000). After BCR stimulation, Bam32 is recruited to the B
cell membrane, where it regulates actin polymerization neces-
sary for antigen internalization (Niiro et al., 2004). Furthermore,
it has been suggested that the Src and Syk kinases may play a di-
rect role in the regulation of cytoskeleton reorganization after
BCR stimulation, through modulation of the activity of the cortac-
tin homolog hematopoietic lineage cell-specific protein 1 (HS1)
(Gomez et al., 2006; Hao et al., 2004; Yamanashi et al., 1997).
In response to membrane-bound antigen, B cells may employ
a number of these mechanisms, with their coordination regu-
lated by organization within the signalosome. In view of these in-
vestigations, we suggest that BCR-microcluster formation may
involve localized reorganization of the cortical actin cytoskeleton
in the vicinity of the BCR after stimulation with membrane-bound
antigen. These discrete regions of remodelled cytoskeleton may
be formed by localized areas of activated signaling within the
B cell generated by segregation within the membrane. AImmunity 28, May 2008 ª2008 Elsevier Inc. 613
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for the extension of membrane processes necessary for B cell
spreading. Thus, it seems likely that the morphological changes
required to mediate the spreading of B cells in response to mem-
brane-bound antigen are initiated by localized signaling through
the BCR. The resulting spreading response provides a mecha-
nism for the propagation of BCR-mediated signaling and the
facilitation of B cell activation.
CD19 Is Essential for B Cell Spreading and Activation
in Response to Membrane-Bound Ligands
An investigation into the requirements for B cell activation after
membrane-bound antigen stimulation demonstrated that BCR
engagement and microcluster formation alone are not sufficient
to induce B cell spreading. It was observed that CD19-deficient
murine cells exhibited an abrogation of B cell spreading and an
inability to flux calcium in response to membrane-bound antigen
(Depoil et al., 2008). This defect in spreading of CD19-deficient B
cells resulted in the generation of fewer signaling BCR micro-
clusters, leading to a severe impairment in B cell activation.
CD19 is an essential coreceptor on the surface of the B cell
membrane, most widely known as part of a complex also con-
taining complement receptor 2 (CD21), the tetraspanin family
protein CD81, and interferon-induced transmembrane protein
1 (leu13) (Fearon and Carter, 1995). However, in the absence
of CD21, no abrogation in spreading was observed, revealing
a role for CD19 independent of coligation to the BCR through
the CD21-CD19-CD81-leu13 complex. In line with this, other re-
ports have provided evidence for the existence of a molar excess
of CD19 over CD21 in the B cell membrane (Fearon and Carroll,
2000), suggesting that CD19 may also be present and function
alone, independent of the CD21-CD19-CD81-leu13 complex.
The cytoplasmic domains of CD19 contain a number of bind-
ing sites for intracellular signaling and adaptor molecules (Li
et al., 1997; Tuveson et al., 1993). Indeed, it has been demon-
strated that CD19 immunoprecipitates with various intracellular
molecules, including PLCg2 and Vav (Brooks et al., 2004).
Thus, it seems likely that CD19 functions as an adaptor-like pro-
tein, mediating the recruitment and activation of signaling mole-
cules to BCR microclusters (Figure 2). As a result of cooperation
between signaling molecules in microsignalosomes, CD19 can
therefore stabilize and amplify signaling within individual BCR
microclusters, thus facilitating B cell activation (Weber et al.,
2008). This mechanism is similar to that observed on coligation
of BCR and the CD21-CD19-CD81-leu13 complex by comple-
ment-tagged antigen. Such a coligation leads to the CD19-medi-
ated recruitment of additional signaling molecules and adaptors
to the BCR and thereby enhances BCR signaling (Sato et al.,
1997). In line with this mechanism, we have visualized the dy-
namic and transient recruitment of CD19 to signaling BCR micro-
clusters in response to membrane-bound antigen stimulation by
TIRFM (Depoil et al., 2008).
The observation of this unexpected and critical role for CD19 in
the activation of B cells in response to membrane-bound antigen
stimulation resolved a discrepancy that existed previously within
the literature. Mice lacking CD21 or CD19 have been found to be
unable to mount a B cell response to T cell dependent antigens
and are greatly impaired in their formation of GCs and ability to
undergo affinity maturation (Ahearn et al., 1996; Engel et al.,614 Immunity 28, May 2008 ª2008 Elsevier Inc.1995; Rickert et al., 1995). Indeed, it was apparent that the phe-
notype of mice lacking CD19 was more severe than that of mice
lacking CD21 (Fearon and Carroll, 2000), an unexpected obser-
vation if the two function only as components of the CD21-
CD19-CD81-leu13 complex. On the contrary, it was noted that
activation through the BCR in response to soluble antigen was
unaffected in CD19-deficient murine B cells (Fujimoto et al.,
1999; Sato et al., 1997). Thus, this newly identified essential
role for CD19 not only emphasizes the necessity for CD19 in B
cell activation by membrane-bound antigen but also indicates
the importance of this process in the activation and development
of B cells in vivo.
Dynamic Investigations of the Initiation of B Cell
Activation In Vivo
After their generation in the bone marrow, B cells migrate to and
encounter antigen within secondary lymphoid tissues, such as
the lymph nodes (LNs) and the spleen. LNs are strategically po-
sitioned at branches of the lymphatic vessels around the body
and function to provide sites for the localization and interaction
of various pathogens and immune cells (Catron et al., 2004).
LNs are typically surrounded by a collagenous capsule, with their
interior divided into three major areas (Figure 3). During its move-
ment from the subcapsular sinus (SCS) to the medullary sinus,
small soluble molecules, such as toxins, can gain direct access
to the conduit system, thereby allowing entry to follicles in the LN
interior (Gretz et al., 2000; Sixt et al., 2005). Recently, it has been
demonstrated that small fluorescently labeled antigens diffuse
directly from the lymph in the SCS and thereby gain access to
follicular B cells (Pape et al., 2007). However, because the move-
ment of larger antigens or particulates such as viruses or bacte-
ria across the SCS is restricted, in order to gain access to B cell
follicles, these antigens must undergo active transport on the
surface of cells in the LN.
Although B cells can respond to antigen presented to them in
a variety of forms, it has become apparent that B cells within the
LN can recognize antigen presented to them on the surface of
a number of different cell types, including follicular dendritic cells
(FDCs), dendritic cells (DCs), and macrophages. DCs and mac-
rophages were identified to play a role in the initial presentation
of antigen to naive B cells in the LN (Huang et al., 2005; Koppel
et al., 2005; Wykes et al., 1998). Although DCs can bind to and
internalize antigen through FcgRIIB, the mechanism by which
macrophages immobilize antigen on their surface is not fully un-
derstood (Bergtold et al., 2005; Koppel et al., 2005). At later
stages in B cell development, FDCs within the GCs present an-
tigen to B cells during selection of high-affinity B cell clones in
the affinity maturation process. Although FDCs can immobilize
surface antigen through FcgRIIB, they also express large
amounts of CD21 on their surface and are therefore able to dis-
play large amounts of complement-coated antigen on their sur-
face (MacLennan, 1994; Mandel et al., 1980). A growing body of
evidence alludes to the importance of B cell recognition of anti-
gen presented on the surface of such cells during the activation
of B cells in vivo (Carrasco and Batista, 2006; Depoil et al., 2008).
Intravital multiphoton microscopy provides a means to directly
monitor the spatiotemporal dynamics of fluorescent molecules
in real time within the architectural constraints of the LN (Cahalan
and Parker, 2008; Germain et al., 2006). Early investigations into
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ReviewFigure 3. Mechanisms of In Vivo
Presentation of Membrane-Bound Antigen
to B Cells in the LN
The flow of lymph through the LN is indicated,
along with the key architectural features of the
LN itself. The B cell area, or cortex, is located be-
low the collagenous capsule, separated by the
subcapsular sinus (SCS). This area contains
many primary or secondary follicles, composed
of organized aggregates of activated B cells, often
interspersed with numerous elongated follicular
dendritic cells (FDCs). The T cell area, or paracor-
tex, adjacent to the cortex, is rich in T cells and an-
tigen-presenting cells. This region also contains
high endothelial venules (HEVs), through which
lymphocytes from the general circulation can en-
ter the LN. The medulla is the innermost area of
the LN and contains both B and T cells. Lymph
fluid containing lymphocytes and antigens from
surrounding tissues enter the LN through afferent
lymphatics. Lymph is drained from the node by
the efferent lymphatic vessel, allowing the exit of
lymphocytes. B cells are shown in brown, and their
initial sites of interaction with antigen (green) are
highlighted: macrophages in the SCS (blue),
FDCs in the GC (orange), and dendritic cells
(DCs) in close proximity to the HEVs in the para-
cortex (red).the behavior of follicular B cells in vivo using this technology in-
volved monitoring of the dynamics of B cell migration within the
LN in the absence of antigen (Miller et al., 2002; Okada et al.,
2005). These studies revealed follicular B cells to be surprisingly
motile, moving around the cortex with speeds around 7 mm/min
along apparently random trajectories. After these initial studies,
multiphoton microscopy has been used by a number of different
groups to investigate the dynamics of membrane-bound antigen
encounter by LN B cells in vivo.
Initial encounter of antigen with naive B cells was found to
occur around high endothelial venules (HEVs) in the paracortex,
and also at the interface between the cortex and the SCS (Fig-
ure 3). One study has identified a role for DCs in close proximity
to HEVs in the presentation of antigen to B cells immediately as
they enter the LN (Qi et al., 2006). This mechanism of antigen pre-
sentation to B cells occurs outside the follicle, in the paracortex,
where they could obtain the necessary T cell help for activation
before migration to the follicle. In line with this suggestion, trios
of DCs in complex with B and T cells have been observed at
the boundary between the cortex and paracortex (Lindquist
et al., 2004). More recently, an alternative site of antigen presen-
tation to follicular B cells has been identified (Carrasco and Ba-
tista, 2007; Junt et al., 2007; Phan et al., 2007). This site is at
the boundary of the SCS and involves the more typical residence
of B cells within the cortex. Particulate antigen, immune com-
plexes, and viruses were deposited on macrophages in the
SCS and displayed to follicular B cells. In the 24 hr following ad-
ministration of antigen, specific follicular B cells were found to
associate with the macrophages and accumulate antigen. Sub-
sequently, and in line with previous observations, B cells were
observed to migrate toward the B cell-T cell boundary (Garside
et al., 1998; MacLennan et al., 1997; Okada et al., 2005). How-
ever, in the absence of antigen-specific B cells, antigen was
found on FDCs within B cell follicles. We suggested that this
antigen accumulation on FDCs is mediated by the nonspecifictransport of antigen from the macrophages of the SCS by follic-
ular B cells themselves (Carrasco and Batista, 2007). Additional
evidence in favor of this proposal has been presented, identifying
a role for complement receptors on follicular B cells in facilitating
this nonspecific antigen transport to FDCs (Phan et al., 2007). In-
terestingly, in the spleen, it has been demonstrated that marginal
zone B cells are also able to transport blood-borne antigens to
FDCs (Cinamon et al., 2008). The integrity of the SCS macro-
phages was demonstrated to be crucial for the acquisition of an-
tigen by B cells after exposure to viral particles (Junt et al., 2007).
In the same study, it was also shown that these macrophages
express sulphated glycoproteins such as CD169 while lacking
expression of the mannose receptor. It is thought that such fea-
tures, setting these macrophages apart from medullary macro-
phages, may favor retention of native antigen on their surface
(Junt et al., 2007; Martinez-Pomares and Gordon, 2007). The
role of these macrophages in the presentation of antigen to B
cells, identified for the first time in vivo (Carrasco and Batista,
2007; Junt et al., 2007; Phan et al., 2007), may represent a gen-
eral means of presenting antigen during the development of
adaptive immunity. In line with this, it has been observed recently
that macrophages can present antigen to T cells in vivo after
mycobacterial infection (Egen et al., 2008).
The importance of FDCs in the presentation of antigen to B
cells has been well established (Gray et al., 1991; Kosco et al.,
1988; Szakal et al., 1983; Wu et al., 1996). Recently, three key
studies have offered new insights into the mechanism of affinity
maturation through the dynamic visualization of GC B cells at
least 6 days after administration of antigen (Allen et al., 2007;
Hauser et al., 2007; Schwickert et al., 2007). In addition, these
studies noted a similar motility of B cells within the GC as ob-
served in the resting LN, suggesting that they may not occupy
a fixed position on the surface of FDCs. However, after antigenic
stimulation, Hauser et al. were able to identify a population of rel-
atively stationary B cells forming close associations with FDCsImmunity 28, May 2008 ª2008 Elsevier Inc. 615
Immunity
Reviewand accordingly proposed that this population may represent B
cells interacting specifically with antigen on the surface of FDCs
(Hauser et al., 2007). Interestingly, all three studies observe that
B cells within the GC adopt an unusual, heterogeneous morphol-
ogy with many elongated processes. In the light of these inves-
tigations, it has been proposed that even migrating B cells may
be capable of sequestering antigen through their extended pro-
cesses as they crawl across the surface of FDCs (Figure 3). This
antigen could subsequently be presented to helper T cells, sug-
gesting a potential mechanism whereby the highest affinity B cell
clone would be the most able to compete effectively for specific
T cell help (Allen et al., 2007; Batista and Neuberger, 1998). A
more detailed characterization of the GC B cells would be inter-
esting, particularly in terms of the threshold of antigen required to
trigger their activation. Further examination of B cell dynamics
during the earliest stages of the initiation of the immune response
will prove invaluable in establishing the precise mechanism of af-
finity maturation. In addition, direct visualization of antigen
throughout this process will be critical in establishing the mech-
anism and role of FDCs in the presentation of antigen to B cells
in vivo.
Overall, it can be seen that B cells can encounter antigen
through a variety of different mechanisms in vivo. Clearly, the
mechanism operating for any particular antigen is dependent
both on the properties of the antigen itself and its route of entry
into the body. It is likely that further developments in the field of
high-resolution imaging and fluorescence labeling will allow
progress toward a more detailed description of the early events
leading to B cell activation in vivo.
Conclusions
It is evident that although a great deal of progress has been made
in the identification of the mechanisms underlying the early
events of B cell activation, there are a number of intriguing ques-
tions that currently remain unanswered. These include the
identification of the precise molecular mechanism of events
responsible for the initiation of BCR triggering. This kind of
characterization may be achievable through methods such as
high-resolution imaging in combination with targeted genetic
disruptions involving the various molecules implicated in this
process. However, this type of investigation is inherently techni-
cally challenging because it must be carried out in real time and
from the exact moment of contact with the antigen-containing
membrane. In addition, a more comprehensive characterization
of the composition of BCR microclusters formed after the initia-
tion of BCR triggering may prove useful in establishing their role
in B cell signaling. This type of detailed dissection would include
the identification of the cytoskeletal effectors concerned with
mediating the spreading response and may also offer insight
into the mechanism that B cells employ to internalize antigen.
Because these processes act in concert to influence the out-
come of B cell activation, it may be possible to identify stages
at which this activation could be stimulated or inhibited for the
modulation of B cell responses. Strategic manipulation of hu-
moral immune responses could prove extremely useful in the de-
velopment of future therapies for the management and treatment
of cancer and autoimmune and infectious diseases. Moreover,
further investigation into the mechanisms and dynamics of anti-
gen encounter by B cells in vivo and how the means of antigen616 Immunity 28, May 2008 ª2008 Elsevier Inc.presentation determines the outcome of B cell activation will
prove invaluable not only in the more detailed characterization
of immune responses but also potentially in the design of vacci-
nation strategies. Taken together, these types of studies will
provide a more complete molecular, cellular, and morphological
description of the events that occur during the course of B cell
activation in vivo.
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